A series of colored hydrocarbon and fluorocarbon tagged 1-fluoro-4-alkylamino-anthraquinones and 1,4-bis-alkylamino-anthraquinone probe molecules were synthesized from a (fluorinated) alkyl amine and 1,4-difluoroanthraquinone to aid in the development of fluorous separation applications. The anthraquinones displayed stacking of the anthraquinone tricycle and interdigitation of the (fluorinated) alkyl chains in the solid state. Furthermore, intramolecular N-H/O hydrogen bonds forced the hydrocarbon and fluorocarbon tags into a conformation pointing away from the anthraquinone tricycle, with the angle of the tricycle plane normal and the main (fluorinated) alkyl vector ranging from 1 to 39 . Separation of the probe molecules on fluorous silica gel showed that the degree of fluorination of the probe molecules plays only a minor role with most eluents (e.g., hexane/ethyl acetate and methyl nonafluorobutyl ethers/ethyl acetate). However, toluene as eluent caused a pronounced separation by degree of fluorination for fluorocarbon, but not hydrocarbon tagged probe molecules on both silica gel and fluorous silica gel. These studies suggest that hydrocarbon and fluorocarbon tagged anthraquinones are useful probe molecules for the development of laboratory scale fluorous separation applications.
Introduction
Introduction of a perfluoroalkyl group with the general structure -C n F 2nþ1 into an organic molecule conveys unique properties that are not only of interest for a broad range of industrial and consumer applications, 1 but are also used extensively in fluorous chemistry. [2] [3] [4] [5] Applications involving fluorous synthesis and separation utilize the fact that perfluorinated compounds display weak intermolecular interactions and, therefore, are both more lipophobic and hydrophobic compared to analogous perhydrocarbon compounds. This unique combination of lipophobicity and hydrophobicity allows for the postsynthesis separation of organic (reaction) mixtures by permanently or temporarily tagging reactants and substrates with a highly fluorinated alkyl chain. After the reaction is complete, fluorous (F-)tagged molecules are separated from other mixture components by liquid-liquid extraction using a fluorous solvent or solid-liquid extraction using a fluorocarbon-functionalized solid material. This approach greatly facilitates the separation of reaction mixtures into functionally resolved fractions, which is especially advantageous in combinatorial chemistry or parallel syntheses. Fluorocarbon-functionalized (fluorous) silica gel has been used for fluorous solid-liquid extraction, 4, [6] [7] [8] the separation of fluorous compounds with varied perfluoroalkyl chain length 4, [8] [9] [10] and for the immobilization of fluorous catalysts. 8, 11 During fluorous solidliquid extraction a mixture containing F-tagged as well as other organic and inorganic components is loaded onto a cartridge containing the fluorous silica gel. Components without a fluorous tag are eluted first with a fluorophobic solvent system, such as methanol/water¼4:1 (v/v). Subsequently, F-tagged components are eluted with a more fluorophilic solvent system, such as methanol (see Refs. 12 and 13 for the classification of solvents based on the polarity and fluorophilicity). More complex fluorous mixtures containing components with different degrees of fluorination can be separated by fluorous chromatography on fluorous silica gel. The elution behavior of fluorous silica gel is significantly different from conventional reverse-phase C 8 or C 18 silica gel because the fluorous tag dominates the separation over the nonfluorinated, organic part of the analytes in the presence of water in the mobile phase. The materials used for these fluorous separation applications are primarily formed through the simple postsynthesis attachment of the perfluoroalkyl group to porous silica particles. 2, 8, 14 In a typical synthesis, a fluorous chlorosilane Cl-Si(R) 2 -(CH 2 ) n R f is reacted with the surface OH groups of normal silica gel in the presence of a base to yield silica -O-Si(R) 2 -(CH 2 ) n R f , where R denotes an alkyl group, such as methylene, and R f denotes a perfluoroalkyl group. Alternatively, fluorous silica gel has been prepared by postsynthesis modification of silica with (EtO) 3-Si(CH 2 ) 2 C 6 F 13 and related alkoxy silanes. 11 Several fluorocarbonfunctionalized materials with R f ¼C 6 F 13 or C 8 F 17 are available from commercial sources in bulk, as TLC plates or HPLC columns and have been used extensively in fluorous separations. C 8 F 17 -functionalized materials are considered to be especially advantageous for fluorous separations because of the stronger interaction of fluorinated components with the stationary phase and, thus, the requirement for less water in the eluent. 8 We recently reported the 'one-pot' synthesis of fluorocarbonfunctionalized surfactant-templated mesoporous silica as an alternative approach to materials for fluorous separation and synthesis applications. 15 In this earlier study fluorocarbon-functionalized silica was synthesized by co-condensation of tetraethoxysilane and a fluorous-tagged alkoxysilane in the presence of a hydrocarbon or fluorocarbon pore-templating agent. This direct synthesis approach has the advantage of producing materials with high functional group loading and uniform distribution compared to postsynthesis attachment of the fluorinated alkyl group. 16, 17 Similar to commercial fluorous silica gel, the materials synthesized using the direct synthesis approach allowed an efficient separation of two anthraquinone probes, 1,4-bis-butylamino-anthraquinone and 1-fluoro-4- The two anthraquinone probes differ in color, and are thus ideally suited for investigations of relatively simple fluorous separations; however, they are structurally dissimilar, which makes it difficult to extrapolate to more complex fluorous separation problems involving, for example, components with different degrees of fluorination. Although several series of fluorous-tagged organic compounds, such as benzoate esters, triphenylphosphines, and O-benzoylmadelates, have been used to illustrate fluorous separations, 8, 18, 19 these compounds are not colored, which represents a drawback for their use as probe molecules, especially for fluorous separations with simple, handpacked columns. Here, we describe the synthesis and X-ray crystallographic characterization of six hydrocarbon and eight fluorocarbon functionalized anthraquinone probes. Their separation was investigated using fluorous TLC to demonstrate that these probe molecules are suitable to investigate fluorous separations of novel fluorocarbon-functionalized materials.
Results and discussion
2.1. Synthesis of 1-fluoro-4-alkylamino-and 1,4-bisalkylamino-anthraquinones
To the best of our knowledge, the synthesis and characterization of simple 1-fluoro-4-alkylamino-anthraquinones have not been reported previously. Several 1,4-bis-alkylamino-anthraquinones, such as Sudan Blue II (1,4-bis-butylamino-anthraquinone), are commercial dye products; however, the laboratory synthesis and characterization of only a few 1,4-bis-alkylamino-anthraquinones have been reported, primarily as part of studies of their solubility in supercritical carbon dioxide. [20] [21] [22] One general approach to alkylamino-anthraquinones is the nucleophilic displacement of chloride, fluoride or other leaving groups from appropriately functionalized anthraquinone precursors, an approach that has been employed for the synthesis of a variety of symmetrical and unsymmetrical 1,4-bis-alkylamino-anthraquinones. [23] [24] [25] Alternatively, symmetrical 1,4-bis-alkylamino-anthraquinones can be synthesized directly by the reaction of an alkyl amine with 1,4-dihydroxy-anthraquinone. 26 In this study, the sequential nucleophilic displacement of fluorines from 1, 1-fluoro-4-alkylamino-anthraquinones 3a-c were isolated in 55-75% yield from the reaction of 1 with alkylamines 2a-c at ambient temperature. Synthesis of 1,4-bis-alkylamino-anthraquinones 4a-c required brief heating (1.5-2 h) of the reaction mixture to 110 C. In contrast, a mixture of anthraquinones 6a-d and 7a-d was obtained after prolonged heating of the reaction mixture containing 1 and the fluorinated alkylamines 5a-d at 110 C. The more sluggish character of the later reaction is due to the highly electronegative character of the perfluoroalkyl group of 5a-d, which drastically reduces the nucleophilic character of the NH 2 group. 33 the disorder of the perfluoroalkyl chains in the crystal.
Crystals of 1-fluoro-4-octylamino-anthraquinone (3c) were triclinic (space group P) with a¼9.3570(3), b¼9.8152(3), c¼10.8332 (4) Å, and a¼116.3581(16) , b¼93.2401 (14) , g¼94.1698 (16) . Two molecules of 3c formed pairs with the tricycles stacked head-to-tail (Fig. 1A) . Furthermore, pairs of weak C-H/O interactions exist 1Ày,1Àz) ). The two hydrocarbon 1,4-bis-alkylamino-anthraquinones 4b and 4c were triclinic (space group P), with a¼8.23800(10), b¼15.6467(3), c¼17.2688(3), a¼101.1773(7) , b¼103.6734(6) and g¼100.5443 (7) for 4b and a¼9.7465(2), b¼10.5257(3), c¼15.1675(4), a¼92.9539(11) , b¼108.1349(12) and g¼114.7648(11) for 4c.
Compounds 3c and 4c displayed clear interdigitation of the alkyl chains ( Fig.1A and C) ; however, the pentyl chains of 4b were not quite long enough to properly interdigitate (Fig. 1B) . Similar to 3c, the tricycles of 4b and 4c are stacked head-to-tail in pairs, with pairs related by inversion. The 1-fluoro-4-perfluoroalkylamino-anthraquinone 6c was monoclinic (space group P2 1 /c), with a¼27.190(3), b¼5.2390(6), c¼14.8569(16) Å, and b¼93.941(3) , and the 1,4-bis-perfluoroalkylamino-anthraquinone 7c was orthorhombic (space group P nma ), with a¼14.474(3), b¼42.042(8), c¼5.3313(11) Å. As illustrated in Figure 4 , the packing diagrams of the fluorinated anthraquinones 6c and 7c showed segregation of the electronically different parts of the anthraquinone molecules. The 1H,1H-perfluoroalkyl chains of 7c interdigitated and the tricycles formed continuous, steeply inclined stacks, with alternate stacks creating a herringbone motif. Similar structural features can be observed for 6c, with 6c molecules forming bilayers.
The formation of layers of interdigitated 1H,1H-perfluoroalkyl chains by both 6c and 7c in particular is not surprising because A/ B interactions (e.g., interactions between different parts of a molecule) are usually less favorable than the mean of A/A and B/B interactions (i.e., interactions between similar parts of a molecule). 34 This is particularly true for the hydrophobic and lipophobic perfluoroalkyl chains. Analogously, the limited number of reported crystal structures with C 7 F 15 or similar perfluoroalkyl moieties also contain interdigitated perfluoroalkyl chains.
35-40
The solid state molecular structures of 3c, 4b, 4c, 6c, and 7c displayed intramolecular N-H/O hydrogen bonds, which forced the adjacent alkylamino chains into a conformation pointing away from the anthraquinone tricycle (Figs. 2 and 3 ). The angle of 1 between the tricycle plane normal and the main (F)-alkyl vector indicates a nearly coplanar conformation for the hydrocarbon 1-fluoro-4-octylamino-anthraquinone 3c. Similarly, at least one of the angles in 4b and 4c (4 and 2 , respectively) was close to a coplanar conformation. The second angle in 4b and 4c significantly deviated from a coplanar confirmation, with 24 and 34 for 4b and 4c, respectively (the angles of the second molecule of 4b was quite similar, even though one of its chains is disordered). A pronounced deviation from the coplanar conformation of the alkyl chain was observed for 6c and 7c, with 39 and 37.5 (both angles of 7c), respectively. These more or less comparable (solid state) conformations of all (fluorinated) anthraquinone probes are expected to allow for a similar interaction of the (F-)alkyl chain of the probe molecules with the F-tagged materials used in (fluorous) separations.
Separation of anthraquinones by thin layer chromatography (TLC)
The separation of the hydrocarbon and fluorocarbon 1-fluoro-4-alkylamino-and 1,4-bis-alkylamino-anthraquinones was investigated by TLC using both silica gel and fluorous silica gel as stationary phases to demonstrate the usefulness of this series of compounds for investigations of fluorous separations. Several frequently used TLC solvent systems were employed to investigate a range of solvent polarities and fluorophilicities, two factors that play an important role in fluorous separations.
12,13 Figure 5 shows a comparison of chain-length dependent changes of the R f values of the various anthraquinone molecules on both stationary phases using selected mobile phases. Figure 5A and B, the addition of ethyl acetate indeed resulted in good separation of the various anthraquinones. The R f values of the more polar 1-fluoro-4-alkylamino-anthraquinones 3a-c and 6a-c were always smaller compared to the corresponding 1,4-bis-alkylamino-anthraquinones 4a-c and 7a-c, independent of the stationary phase. Furthermore, the R f values of the hydrocarbon anthraquinones were larger compared to their fluorinated counter parts (i.e., 3a-c>6a-c and 4a-c>7a-c) on both stationary phases. This indicates that the fluorinated anthraquinones 6a-d and 7a-d behave like less lipophilic compounds in this solvent system due to the high degree of fluorination. On silica gel, an increase in the R f values with increasing length of the alkyl chains was observed for 3a-c and 4a-c with the ethyl acetate/hexane mobile phase (Fig. 5A ). This effect was most pronounced with the hydrocarbon 1,4-bis-alkylamino-anthraquinones 4a-c, which are the most lipophilic compounds investigated. Similarly, the R f values of the fluorinated anthraquinones 6a-d and 7a-d increased with increasing F-alkyl chain length due to the decreasing polarity of the anthraquinones. The hydrocarbon anthraquinones 3a-c and 4a-c also displayed an increase in R f values with increasing chain length on fluorous silica gel. Analogous to other fluorous chromatographic separations, 4 a slight decrease in the R f values for the fluorocarbon anthraquinones 6a-d and 7a-d was observed with increasing length of the F-alkyl chains, indicating the increased retention of these compounds by the fluorous silica gel with increasing degree of fluorination (Fig. 5B) . Toluene also is a comparatively non-polar solvent. However, it is considered to be more fluorophilic compared to hexane. 13 Toluene had little effect on the separation of the hydrocarbon anthraquinones 3a-c and 4a-c ( fluorinated 1,4-bis-alkylamino-anthraquinones 7a-d were clearly separated from the corresponding hydrocarbon analogues on silica gel (Fig. 5C) , with the R f values decreasing in the order 7a-d>6a-dw3a-cw4a-c. On silica gel, the chain length dependent changes in the R f values were comparable to those in the ethyl acetate/hexane mobile phase, with the R f values increasing with increasing length of the (F-)alkyl chains. However, analogous to the ethyl acetate/hexane mobile phase, the R f values of the fluorinated anthraquinones 6a-d and 7a-d showed a clear decrease with the increasing chain length on fluorous silica gel. Water/methanol (1:4, v/v) was studied as a commonly used mobile phase for fluorous separations. 4, 15, 19 Methanol itself is a highly polar and somewhat fluorophilic solvent that is miscible with water. Because of its extreme fluorophobic character, even small quantities of water are known to dramatically increase the retention of fluorinated compounds on a fluorous stationary phase 3 or facilitate the partitioning of fluorous-tagged compounds out of a polar, water containing into a fluorophilic phase. 12, 13 In our hands, only the anthraquinones with longer (F-)alkyl chains were separated on fluorous silica gel, whereas all butyl and the fluorocarbon pentyl derivatives were retained at the baseline (R f ¼0).
2.3.2.
Perfluorocarbon-based mobile phases. Several perfluorocarbon solvents have been used successfully in fluorous separations. 19, [41] [42] [43] [44] [45] In comparison to conventional organic solvents, typical perfluoroalkanes are considered to be both fluorophilic and extraordinarily non-polar solvents, whereas perfluorinated ethers are classified as fluorophilic but more polar solvents. 12, 13 In this study we investigated PFMC (perfluoromethylcyclohexane), FC-43 (tris(perfluorobutyl)amine), FC-75 (perfluoro-2-butyltetrahydrofuran), and HFE-7100 (mixture of methyl nonafluorobutyl ethers) as mobile phases. Similar to hexane, these four perfluorocarbon solvents alone were unsuitable mobile phases on both stationary phases, with all anthraquinone derivatives being retained at the baseline. This is not surprising because all anthraquinones, including 7c and 7d, are poorly soluble in these perfluorocarbon solvents. These two highly fluorinated anthraquinones are expected to be more soluble in a perfluorocarbon solvent becausedbased on their fluorine content of >60% 46 dthey are fluorophilic. However, fluorophilicity not always predicts solubility in perfluorocarbon solvents. In fact, it is well established that increasing fluorine content can decrease the solubility in typical organic solvents.
Solvent tuning has been proposed as a general approach to overcome the limitations of pure perfluorocarbon solvents for fluorous liquid-liquid separations. 12, 47 This approach can also be employed to optimize fluorous TLC separations, i.e., the polarity of a fluorophilic and non-polar perfluorocarbon mobile phase can be tuned by adding a polar organic solvent, such as ethyl acetate. In particular HFE-7100 and related hydrofluoroethers are polar, fluorophilic solvents that are suitable for this purpose becausedin contrast to simple perfluoroalkanesdthey are miscible with many organic solvents. 3, 12 Furthermore, HFE-1000 is relatively inexpensive, environmentally safer, and comparatively non-toxic. Mobile phases containing HFE-1000 have been used for reverse fluorous solid phase extractions (i.e., the separation of fluoroustagged products from reaction byproducts on normal silica gel). 19, 47 Based on these earlier studies, we investigated ethyl acetate/ HFE-7100 (1:3, v/v) as a mobile phase on both silica gel (reverse fluorous TLC) and fluorous silica gel ( Fig. 5E and F) to allow a comparison with the ethyl acetate/hexane system ( Fig. 5A and B) . As shown in Figure 5E , the reverse fluorous TLC approach (i.e., silica gel as stationary phase and ethyl acetate/HFE-7100 as mobile phase) resulted in the best separation of the various anthraquinones observed in this study. Specifically, the fluorinated anthraquinones 6a-d and 7a-d were well separated, with the more highly fluorinated anthraquinones 7a-d having larger R f values.
Furthermore, the fluorinated anthraquinones were well separated from the corresponding hydrocarbon analogues 3a-c and 4a-c, with the elution order of 3a-c and 4a-c being reversed compared to the ethyl acetate/hexane system (Fig. 5A vs 5E) . The large differences in the R f values of the hydrocarbon and fluorocarbon anthraquinones are in agreement with an earlier study describing the efficient separation of fluorous benzoate esters from ethyl benzoate ester using reverse fluorous TLC with FC-72/Et 2 O as mobile phase. 19 The R f values of 3a-c and 4a-c were essentially identical, indicating that the fluorophilicity and not the lipophilicity of the analytes is critical for the separation of compounds using the HFE-7100-based solvent system.
On fluorous silica gel, all anthraquinones eluted close to the solvent front using the ethyl acetate/HFE-7100 mobile phase, with R f values >0.8 (Fig. 5F ). The overall trends in the R f values were comparable to the TLC experiments with the ethyl acetate/hexane and toluene mobile phase (Fig. 5B and D) . In short, the 1-fluoro-4-(F-)alkylamino-anthraquinones 3a-c and 6a-c were separated from the corresponding 1,4-bis-(F-)alkylamino-anthraquinones 4a-c and 7a-d, with the less polar 1,4-bis-(F-)alkylamino-anthraquinones having larger R f values. While the R f values of the hydrocarbon anthraquinones 3a-c and 4a-c increased with increasing chain length, the R f values of the fluorinated anthraquinones 6a-d and 7a-d slightly decreased. However, in contrast to the reverse fluorous TLC experiments (Fig. 5E) , the fluorinated anthraquinones are not well separated from the corresponding hydrocarbon anthraquinones. In fact, the R f values of 6a-d and 4a-c are essentially identical and it is unlikely that an adjustment of the mobile phase composition will result in as better separation.
Conclusion
To aid in investigations of novel fluorous stationary phases, we developed a straightforward synthesis of several colored hydrocarbon and fluorocarbon tagged 1-fluoro-4-alkylamino-anthraquinones (3a-c and 6a-d) and 1,4-bis-alkylamino-anthraquinones (4a-c and 7a-d) probe molecules from (F-)alkylamines (2a-c and 5a-d) and 1,4-difluoroanthraquinone (1). These probe molecules adopt a (solid state) conformation that is expected to facilitate an interaction with the perfluoroalkyl chains of fluorous silica gel and other stationary phases. Because the anthraquinones are colored, straightforward TLC studies were employed to investigate their separation on silica gel and fluorous silica gel using a range of solvent systems with different polarity and fluorophilicity. In particular toluene and ethyl acetate/ HFE-7100 as mobile phase allowed an efficient separation of the fluorocarbon tagged 1,4-bis-alkylamino-anthraquinones 7a-d and 1-fluoro-4-alkylamino-anthraquinones 6a-d from the corresponding hydrocarbon anthraquinones (3a-c and 4a-c) on normal silica gel. These simple TLC experiments demonstrate that this series of colored anthraquinone probe molecules can facilitate the development of fluorous and reverse fluorous separations using novel stationary phases, such as (fluorocarbon functionalized) mesoporous silica. 
General experimental procedure for the preparation of 1,4-bis-alkylamino-anthraquinones 4a-c
Alkylamines 2a-c (2.5 mmol) were added to a solution of 1,4-difluoroanthraquinone 1 (1 mmol) in anhydrous DMSO (5 mL) under a nitrogen atmosphere. The reaction mixture was stirred at 110 C for 1.5-2 h. The dark blue reaction mixture was subsequently allowed to cool to room temperature, water (20 mL) was added, and the mixture was stirred for 1 h. The reaction mixture was filtered, the residue washed with water (3Â50 mL), and dried under vacuum. The crude residue was purified by column chromatography on silica gel with ethyl acetate/hexane. 
General experimental procedure for the preparation of the perfluorinated anthraquinones 6a-c and 7a-c
The fluorinated alkylamines 5a-d (5.0 mmol) were added to a solution of 1,4-difluoroanthraquinone 1 (0.25 g, 1.0 mmol) in anhydrous DMSO (5 mL) under a nitrogen atmosphere. The reaction mixture was heated to 110 C and stirring continued for 4-6 days. The dark colored reaction mixture was allowed to cool to room temperature, water (20 mL) was added, and the mixture was stirred for 30 min. The crude product, which contained a mixture of 6a-c and 7a-c, was isolated as described above. 
